Introduction
Throughout the annual cycle, migratory animals travel among different habitats where they are exposed to different factors affecting survival [1] [2] [3] . Within populations, distance travelled and habitats used may vary according to several factors, such as age, sex or year [4] [5] [6] . Understanding causes of population declines of migratory species is challenging and requires identifying the full range of habitats used during the annual cycle, annual variation in habitat use, and associated threats in those habitats [7, 8] .
Two important ecological concepts affecting the population dynamics of migratory birds include migratory connectivity among and fidelity to various sites during different stages of their life cycle [9] [10] [11] [12] . Migratory connectivity describes population-level connections between two or more areas during the annual cycle and fidelity defines an individual's propensity to return to the same location annually [7, 9] . Both migratory connectivity and fidelity may affect the susceptibility of populations to adverse conditions throughout their annual cycle. For example, populations with strong migratory connectivity, where individuals from the same population breed and winter together and are thus concentrated in the same area at both times of year, are https://doi.org/10.1515/ami-2018-0001
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For small migratory birds, typically two methods have been used to identify wintering areas, migratory connectivity and fidelity. The first is to attach archival, light-weight tracking units, like geolocators [15] [16] [17] or GPS tags [18, 19] , to migrating birds. These tracking units provide critical information on winter areas and connectivity that can inform conservation decisions [20] [21] [22] . These devices, however, have several limitations, including the need to recapture the tagged bird to retrieve the data, and the potential for adverse effects on the tracked individual, such as increased mortality and decreased reproductive performance in tagged individuals [23] [24] [25] [26] . Further, small sample sizes associated with these limitations can make it difficult to generalize results both within and across populations.
An alternative method is to use intrinsic markers, like stable isotopes, to compare values obtained from sampled tissues to underlying patterns across landscapes (isoscapes) and infer likely areas where the tissue was grown [27] [28] [29] . For example, in South America, δ 2 H and δ 13 C values vary with a variety of environmental factors, such as precipitation, temperature, latitude, land-cover (e.g., forest, shrubland, grassland, cropland, wetland, etc.) and/ or the photosynthetic pathways of vegetation (i.e., C 3 or C 4 plants) [30, 31] . After accounting for differences between isoscape and tissue values associated with diet [32, 33] , we can assign tissues to particular regions in the isoscape with similar values. While intrinsic markers do not yield the same quantity of information about movements, nor the same level of precision as electronic tracking units, they have been reliably used to approximate areas where tissues were grown [34] [35] [36] . Intrinsic markers also allow for sampling of large numbers of birds to generalize population-level movements, migratory connectivity and habitat fidelity [36] [37] [38] [39] . The combination of intrinsic and extrinsic markers represents a powerful tool to decipher animal movements [40] .
Populations of avian aerial insectivores, including swallows, are in steep decline across North America.
While population trends vary considerably [41] , these declines are particularly severe in the northeast [42] [43] [44] . While many cause(s) of decline are unknown, two key factors suggest that conditions on the wintering grounds or during migration are contributing to population declines. First, there is a higher rate of decline for longdistance migrants (birds that migrate to South America) compared to short-distance migrants (those that migrate to the southern USA and Central America) [42] . Secondly, only one of the three long-distance migrants has shown lower breeding success in recent years suggesting that conditions outside the breeding season are driving population declines [45] . Understanding how these conditions could affect populations, requires that wintering areas be identified and aspects of wintering ecology, like migratory connectivity and winter habitat fidelity be determined.
The goal of our study was to describe the winter areas of Bank Riparia riparia, Barn Hirundo rustica and Cliff Swallows Petrochelidon pyrrhonota using geolocators and stable isotope measurements of winter-grown feathers. We also examine migratory connectivity on a local scale between breeding colonies within the northeastern North America and winter areas, and the winter habitat fidelity of adults captured in multiple years. While both aspects of a species' ecology are important for conservation, migratory connectivity has received far greater attention than fidelity in the scientific literature. This work will help target conservation efforts to wintering areas used by these declining populations (Breeding Bird Survey population trend estimates for these species from 1966-2015 for the Atlantic Northern Forest region are -9.43, -5.28 and -4.96, respectively [46] ).
Methods

Study species
Our three study species are small passerines or songbirds ( Figure 1A-C) . In North America, their breeding ranges extends across most of Canada and the United States, and, for Barn and Cliff Swallows, into northern Central America [47] [48] [49] . All three species also likely winter in Central and South America. In addition, the global range of Bank and Barn Swallows extends throughout Europe, Africa and Asia.
During the breeding season, these three swallow species nest colonially. Bank Swallows dig burrows into steeply eroding banks and, in some regions, aggregate pits or quarries; these sites are often adjacent to water [47] . During our study, all of our Bank Swallow colonies were located along a river. Barn and Cliff Swallows build mud nests in or under structures (e.g., buildings, bridges and culverts) [48, 49] . Although, in some parts of their breeding range, Cliff Swallows still nest on natural cliffs [48] . During our study, Barn Swallows nested in one or more barns on each property, and Cliff Swallows nested under the eaves of farm buildings [50] .
Field methods
From June to August 2013 to 2017, we captured adult Bank, Barn and Cliff Swallows at several sites in New Brunswick and Nova Scotia, Canada ( Figure 1D a geolocator. We retrieved the geolocators in 2014 and 2015 and documented the return rates of geolocator and control birds. In general, the first individuals captured at each colony received a geolocator and the remaining birds were part of the control group. The maximum number of days between captures of tagged and control birds was three days, so we considered it unlikely that there are differences between the groups in, for example condition, that would affect return rates in subsequent years. We assumed that the feathers used to determine the stable isotope composition (i.e., ratios of N]) were molted during the winter [52] and therefore contained an isotopic signature of the region where they were molted. We collected either one inner rectrix (2013; 67 Bank and 40 Cliff Swallow samples) or 2-3 contour (flank) feathers (2014-2016; 335 Bank, 216 Barn and 183 Cliff Swallow samples) from adults at all of the colonies. In 2014, we added feather corticosterone analyses to another aspect of our study (TLI, G. Mastromonaco, F. Angelier, KAH, MLL, unpubl. data), which required a change from sampling rectrix to contour feathers. We later determined, however, that while rectrix feathers were molted during the winter, contour feathers may be molted during breeding, migration or winter [53] . Therefore, to determine if rectrix and contour feather were molted at the same locations and therefore give comparable information on winter areas, we compared isotope values for an inner rectrix and two contour feathers from a sample of 15 adults from each of the three species (total: 45 individuals) sampled in 2017 (see Supplemental Material). Our results suggest that contour feathers from all three species were molted during the winter, however, for Bank and Cliff Swallows, these feathers may not have been molted at the same locations as the rectrices ( Figure  1 , Supplemental Material). Therefore, in our analyses below, we examine winter areas for each feather type, and solely use the contour feathers in our analysis of migratory connectivity and habitat fidelity for each species.
Geolocator data analysis
Of the 29 geolocators deployed, six were retrieved, and four contained over a year (402.5 ± 12.2 [SE] days) of data; the remaining two geolocators failed after 13 and 31 days, respectively. Using the downloaded data from the four individuals with a full year of information (one Bank Swallow and three Cliff Swallows), we determined the likely winter areas for each individual. First, we identified twilights using a light threshold value of 1.5 in the TwGeos version 0.0-1 [54] . Twilights were edited or deleted using the twilightEdit function in TwGeos. A twilight time was defined as an outlier if it was different from the four neighbouring twilight times by 45 minutes or more. Once identified, twilights were either deleted, if they differed by 25 minutes or more from the two adjacent twilights, or adjusted, if they differed by less than 25 minutes from the two adjacent twilights.
Then, the data were calibrated when each individual was stationary at the breeding colony (i.e., 20-32 days after geolocators were deployed) to control for any variation between the measured and actual twilight times. Calibration involves comparing the known twilight time at the breeding colony to the twilight time recorded by the unit and assigning a zenith angle for each day. The zenith angle is defined as the angle between the 90º vertical axis between the sun and earth at the time that the light threshold is crossed. This analysis method uses a distribution of zenith angles for calibration [20] . At the known deployment location the error distribution is also calculated by fitting a log-normal distribution to the difference between estimated and known twilight times. Twilights defined by the threshold method and the median zenith angle served as a prior in the model were used to calculate raw coordinates for the MCMC process in the Solar/Satellite Geolocation for Animal Tracking (SGAT) version 0.1.3 package [55] .
Next, to calculate the final inferred positions, we used an Estelle model in SGAT. In this model we included: 1) the initial position of the individual when the tag was deployed; 2) a prior with raw coordinates derived from twilights identified using the threshold method (described above); 3) a model describing the error in twilight times (described above); 4) a range of zenith angles (described above); 5) the distribution of probable flight speeds (up to ~60 km/h with faster speeds possible but improbable) with a high frequency of short movements and low frequency of long-distance movements; and 6) a spatial probability mask of North and South America from 60°N to 60°S and 30°W to 140°W where stationary positions over water were not possible. We used 150,000 samples (i.e., a set of estimated positions) from three independent chains in a Markov Chain Monte Carlo simulations for burn-in and tuning the model. Then we use another set of 15,000 samples to determine the posterior distribution of the final positions. We visually assessed the mixing of the last three chains and determined that they converged for each of our tags. Finally, because we were interested in the locations of these individuals during the winter period, we used the GeoLight version 2.0 package [56] to identify periods of five or more days when the individual was stationary. We plotted all stationary positions of at least two weeks from 14 October 2013 to 27 February 2013; this period was selected as it occurred three weeks after and before the fall and spring equinoxes, respectively, and during the period when most individuals are likely to be wintering [47, 49] . Then, using the final positions from the posterior distributions, we mapped the mean position for each twilight period, along with the outermost cardinal positions for the 95% credible intervals during each of the stationary periods (1-3 periods/individual) in ArcMap 10.5 (ESRI, Redlands, California). We plotted an ellipse of each individual's stationary positions during the winter using both the mean position and the cardinal positions for the 95% credible intervals.
Stable isotope laboratory analysis
We prepared all feather samples for stable isotope analysis by soaking samples in a 2:1 chloroform:methanol solution for 24 hours, decanting the solvent and then air drying at room temperature for 24 hours at Dalhousie University. Then, to determine stable isotope ratios in feathers, we sent samples to the Stable Isotopes in Nature Laboratory, University of New Brunswick (SINLAB, δ Analysis of δ 2 H followed previously described methods [57] . At the SINLAB, samples were analyzed using a Thermo-Finnigan High Temperature Conversion Elemental Analyzer (TC/EA) and a Delta XP mass spectrometer. At SIHEL, samples were analyzed using a 
Stable isotope data analysis
We relied on stable isotope analyses to determine winter areas, which were based on the isotopic values of molted feathers. For simplicity, we refer to winter molt areas as winter areas. One limitation of this approach is that these isotope values reflect where the feather was molted, and not necessarily all areas where the individual wintered. Similarly, we can only describe migratory connectivity in relation to isotopically similar habitats, which may or may not be the same location, and is not on the same scale as research using tracking devices instead of stable isotopes. Also, in terms of fidelity, our findings focus on the fidelity of individuals to isotopically similar habitats, rather than specific locations; we refer to this as habitat fidelity. With these limitations in mind, we conducted three analyses for each species to determine: 1) likely wintering areas using rectrix and contour feathers; 2) migratory connectivity between breeding colonies and winter areas using contour feathers; and, 3) annual winter habitat fidelity using contour feathers. These analyses are described in more detail in the following paragraphs.
We assigned feathers from Bank, Barn and Cliff Swallows to likely wintering areas using the δ 2 H and δ 13 C values. This was a multi-step process. First, we used isotopic discrimination factors [33, 36] to calibrate South American δ 2 H and δ 13 C isoscapes [30, 31] for feather samples across the wintering range of each species in South America. For Bank and Cliff Swallows, we defined the possible winter range as all of South America based on eBird observations and their known wintering range map [58, 59] , and, for Barn Swallows, we used the wintering range map for breeding populations in eastern North American [60] . Then, we removed 22 Bank, nine Barn and one Cliff Swallow samples (range: 0.4-6.6% of samples/ species) from our data set with δ 2 H or δ 13 C values that were either higher or lower than the minimum and maximum possible values for each isoscape for that species within the winter range and therefore, unlikely to have been molted during the winter; these samples were also not included in subsequent analyses below. Next, using a process similar to previous work [36, 61] , we determined the probability that each feather sample was molted in each cell of the δ 2 H and δ 13 C isoscapes. Finally, to determine likely winter areas across all samples for each species in each year, we used a 2:1 odds ratio [60] to reclassify the probability of each cell for each sample, so that the upper two-thirds of the estimated probability of origin (i.e., those cells with a higher probability of origin) was considered likely and the remaining one-third was considered unlikely. We summed the spatially explicit probabilities for each sample and mapped the most probable wintering areas of all Bank, Barn and Cliff Swallows based on rectrix (2013, Bank and Cliff) and contour (2014-2016, all species) feather samples.
To determine migratory connectivity between breeding colonies and wintering areas, we conducted a Mantel test with 9999 replicates for each species [62] . Our two distance matrices included the orthodromic (i.e., great circle) distance between individuals for each species during breeding, with a distance of 0 km for individuals at the same breeding colony, and the three-dimensional distance in δ 2 H, δ values. We defined strong connectivity as populations with an r M > 0.5 [63] , although recognize that connectivity varies along a strong-weak continuum [9] .
To determine if individuals exhibited habitat fidelity across years, we determined if individuals captured in at least two years from 2014-2016 had similar δ 2 H, δ 13 C and δ 15 N values in each year they were captured using a linear mixed model for each isotope and each species. Individuals captured in two years were included once in the model, and individuals captured in three years (Bank and Barn, only) were included three times to account for comparisons across all three years (i.e., 2014 and 2015, 2015 and 2016, and 2014 and 2016) . Therefore, we included individual ID as a random effect in our Bank and Barn Swallow models. We considered that individuals had fidelity to isotopically similar areas across years if there was a significant relationship in one or more isotopes (δ 2 H, δ 13 C and δ 15 N) in earlier and later captures, and the slope (ß) of all these relationships was between 0.8 and 1.2. This approach differed from other studies conducting similar analyses of habitat fidelity using a Pearson correlation [37] [38] [39] ; our approach allowed for us to account for the large number of Bank and Barn Swallows captured in all three years.
Unless otherwise noted above, all analyses were conducted in R version 3.4.2 [64] with the following packages: ade4, cluster, fpc, geosphere and lme4 [65] . The stable isotope assignment was performed using scripts adapted from previous work [61] .
Results
Winter areas from geolocators
Return rates for Bank Swallows equipped with geolocators were lower than control birds, although the opposite pattern was observed for Cliff Swallows (Table 1 ). However, due to the small number of individuals in the geolocator group of Bank Swallows and the control group of Cliff Swallows (n = 9, respectively), we are unable to compare, statistically, these return rates.
The sole Bank Swallow had two stationary periods of 90 and 45 days during the winter period (after removing days within three weeks of the equinox). This individual wintered along the southern part of the ColombiaVenezuela border and northwestern Brazil, and moved in a southerly direction during the winter (Figure 2A) . The three Cliff Swallows all wintered in southern Brazil (Figure 2B-D) . For the two individuals that had three stationary periods during the winter, both moved in a southwesterly direction for the second stationary period before travelling either north ( Figure 2B ) or west ( Figure  2D ) for the third. The duration of the three stationary periods for the first individual ( Figure 2B ) were 56, 41 and 25 days, respectively, and for the second individual ( Figure  2D ) the duration of stationary periods were 66, 19 and 46 days, respectively. The remaining individual had a single stationary period of 129 days ( Figure 2C ).
Winter areas from stable isotope assignment
For Bank Swallows, using rectrix feathers from 2013, the most probable winter areas were consistent with southern Brazil, Uruguay and north-eastern Argentina, with a few smaller areas in northern Venezuela and western Ecuador ( Figure 3A) . Using contour feathers from 2014-2016, the A)
1,000 kḿ most probable winter areas included these areas, along with southeastern Bolivia and Paraguay (Figure 3B-D) . Based on Figures 2B-D , there appears to be little annual variation in probable winter areas across these three years.
For Barn Swallows, using contour feathers from 2014-2016, the most probable winter areas were consistent with eastern and southern Brazil, eastern Bolivia, Paraguay, Uruguay and north-eastern Argentina (Figure 4 ). There was some annual variation in these wintering areas, especially during the winter of 2014-2015, when the likelihood of wintering in eastern Brazil was low.
For Cliff Swallows, using rectrix feathers from 2013, the most probable winter areas corresponded with the southern and western parts of Brazil, northern Bolivia, southern Paraguay, northern Argentina and northern Colombia ( Figure 5A ). Using contour feathers from 2014-2016, the most probable winter areas included these areas, along with Uruguay and Venezuela (Figure 5B-D) . Similarly to Bank Swallows, there was little annual variation in probable winter areas.
Migratory connectivity and habitat fidelity
For Bank Swallows, despite the significant relationship, there was weak migratory connectivity between breeding colonies and wintering areas (Mantel correlation coefficient, r M = 0.01, p = 0.04). Also, for Barn and Cliff Swallows, there was weak migratory connectivity between breeding colonies and wintering areas and these relationships were not significant (Barn: r M = 0.04, p = 0.10, Cliff: r M = 0.003, p = 0.43).
There was some evidence that individual Barn Swallows, but not Bank or Cliff Swallows, wintered in the similar habitats across years. Individual Bank Swallows had weak habitat fidelity based on low repeatability in δ 
Discussion
For the first time, we describe the likely winter areas and examine migratory connectivity of Nearctic-Neotropical Bank and Cliff Swallows, and winter habitat fidelity for all three species. Our results indicate that the most probable winter areas for northeastern North America populations of all three swallows are in the southern areas of each species' known wintering ranges. Like Purple Martins Progne subis [19] , our geolocators and stable isotopes results suggest that some Bank and Cliff Swallows undertake large-scale movements during the winter, although there is little variability in winter areas across years. In contrast, for Barn Swallows, stable isotope results indicate that winter areas may vary annually. For all three species, our results also suggest weak migratory connectivity between northeastern North America breeding colonies and winter areas, and weak winter habitat fidelity among years.
The long-distances travelled by northeastern North America populations of Bank, Barn and Cliff Swallows to reach their wintering areas may help explain the higher rates of declines for northeastern populations of aerial insectivore [42, 66] . Survival during migration may be affected by various threats, such as lower quality stopover habitats [67, 68] and increased storms during migration [69, 70] ; longer distances may increase the likelihood that individuals encounter these threats. Irrespective of distance, southern parts of South America that overlap the most probable winter areas for these swallows, like the Cerrado, La Plata Basin and Pampas, are experiencing high rates of land-use change involving deforestation [71, 72] , wetland loss [73] and conversion of natural savanna to increasingly intensive agricultural areas [74] [75] [76] . These land cover changes in themselves or the additional effects of land cover change on weather patterns, such as increased temperatures, higher winds and altered precipitation regimes [74, 77, 78] , may contribute to additional stress on wintering swallows.
Range-wide research on a variety of migratory birds has demonstrated broad-scale patterns of migratory connectivity across both longitudinal and latitudinal gradients [13, 17, 18, 79, 80] . These broad-scale patterns vary along a strong-weak continuum depending on the species. At a more localized scale, migratory connectivity has received less attention [37, 81] . For example, there was strong migratory connectivity for breeding populations of Collared Flycatchers Ficedula albicollis within 10-100 km of each other [37] . Despite a similarly localizedscale (Bank: 0.6 ± 0.2 km, Barn: 89.7 ± 61.1 km, and Cliff: 76.5 ± 59.4 km between breeding colonies), our results suggest weak migratory connectivity between breeding colonies and winter areas. However, at a broader-scale, Nearctic-Neotropical populations of Barn Swallows exhibit stronger patterns of migratory connectivity, with eastern populations travelling to more southerly winter locations than western populations [66] . Although we have no information on other populations of NearcticNeotropical Bank and Cliff Swallows, it is possible that the long distances travelled by northeastern North American populations reflects similar connectivity as the Barn Swallows. Alternatively, consistent with other broadly distributed populations of migratory birds [22, 63, 82, 83] , it is also possible that the weak connectivity between breeding and wintering areas for Bank and Cliff Swallows at our scale, reflects weak connectivity across their range.
Like other migratory passerines [37] [38] [39] , we found that individual Barn Swallows used winter habitats with similar δ 13 C values among years. Given the lack of repeatability for individuals in δ 2 H and δ 15 N values, this is more likely to reflect fidelity to a particular habitat type rather than a specific location. Regardless, habitat fidelity may have beneficial effects for wintering birds, possibly by reducing foraging effort through greater familiarity with a particular habitat. In contrast to Barn Swallows, there was little evidence that individual Bank and Cliff Swallows exhibited fidelity to specific habitats. This may be explained by age-related shifts in winter habitat use which have been observed for other migratory birds [84, 85] . During our study, most individuals were first captured as adults of unknown age, therefore we could only model the relationship between individuals recaptured one or two years after an earlier capture (i.e., individuals are a relatively younger and older age). Regardless, these results suggest that as swallows age, they winter in different habitats. Since environmental conditions during the winter affect survival and subsequent breeding success for many species [86] [87] [88] , age-related changes in winter habitats could result in differential effects on fitness [89, 90] . It is also possible, that the lack of repeatability for these species and isotope values reflects considerable annual variation in the isotopic baselines or among individuals. However, accounting for yearspecific patterns of δ 2 H in precipitation has previously had either no or a minimal effect on the predicted origin of species [91] [92] [93] , with the exception of years influenced by extreme weather conditions [94] or El Niño-Southern Oscillation (ENSO) [95] . Furthermore, while there may be variability in δ 2 H values in feathers for adults, in general, this variability is within the predicted range of δ 2 H values when molt location is known [96, 97] .
The accuracy of stable isotope assignments can be improved by incorporating data on the abundance of birds throughout their wintering range, mark-recapture and/or geolocator data on winter areas [61, 98] . These sources of information were limited, however, because eBird data for these species in South America (a potential source of information on abundance) was largely restricted to coastal areas and mark-recapture data were not available. Also, we only retrieved a few geolocators from Bank and Cliff Swallows, making it difficult to generalize these results to the full population. Although results for Cliff Swallows were consistent between the two approaches (Figure 2 , Supplemental Material), they differed between the sole geolocator-derived estimate for a Bank Swallow and the population-level stable-isotope assignment. While we were unable to determine if there were differences in return rates of tagged and control birds in our study, none of the 57 geolocators deployed on Bank Swallows elsewhere in North America during 2013 were retrieved (B. Whittam, pers. comm.) and these devices adversely affect the survival of other aerial insectivores [23] [24] [25] [26] . It is possible that the tag affected migratory behaviour, however with just a single individual it is hard to be conclusive. Therefore, we did not incorporate the geolocator data in our stable isotope assignment.
In conclusion, our findings suggest that northeastern North America populations of Bank, Barn and Cliff Swallows likely winter throughout large areas of central and southern South America, potentially in areas that are experiencing high rates of land use change. Despite weak migratory connectivity and, largely, low habitat fidelity, which should make populations less susceptible to adverse changes in wintering conditions, although potentially experiencing diffuse effects [9, 10, 13, 14] , these populations are in decline. Furthermore, conditions during this period are implicated in the declines [42, 45] , suggesting that, despite their mobility, these species are unable to avoid poor conditions presumably because of broad-scale degradation of winter habitats [99] and/or conditions during migration [42, 66] . Conservation efforts to address threats to broadly distributed, possibly nomadic, populations are challenging. More traditional approaches to conservation, such as habitat protection, may not be effective as this will only include a small proportion of the population, and, possibly, for only part of the winter [99, 100] . Instead, conservation efforts will need to consider management of threats at a landscape level [100] through increasing the capacity of these habitats to support large swallow populations [99] . Since food availability is often the limiting factor for birds during in the winter [101] , conservation efforts could focus on addressing the spatial and temporal abundance of food for swallows. This could include addressing intensive agricultural practices, such as landscape homogeneity and pesticide use, which are associated with lower insect abundance [102] [103] [104] [105] .
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